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Half-integer microwave induced steps (Shapiro steps) have been observed in many different Josephson junction sys-
tems, which have attracted a lot of attention because they signify the deviation of current phase relation (CPR) and uncover
many unconventional physical properties. In this article, we first report the discovery of half-integer Shapiro steps in
MgB, focused He ion beam (He-FIB) Josephson junctions. The half-integer steps’ dependence on microwave frequency,
temperature, microwave power, and magnetic field is also analyzed. We find that the existence of half-integer steps can
be controlled by the magnetic field periodically, which is similar to that of high temperature superconductor (HTS) grain
boundary junctions, and the similarity of the microstructures between gain boundary junctions and He-FIB junctions is
discussed. As a consequence, we mainly attribute the physical origin of half-integer steps in MgB, He-FIB junctions to
the model that a He-FIB junction is analogous to a parallel junctions’ array. Our results show that He-FIB technology is a
promising platform for researching CPR in junctions made of different superconductors.

Keywords: Josephson junction, half-integer Shapiro steps, MgB,, focused helium ion beam

PACS: 74.78.—w, 03.75.Lm, 41.85.Ar

1. Introduction

Josephson junctions are important quantum devices, not
only for their broad application prospects in quantum comput-
ing and wireless communication but also for their fundamen-
tal profound physics. The alternate current (AC) Josephson
effect!!] is one of the most attractive properties of Josephson
junctions because it demonstrates the law of phase ¢ change
over time under a finite voltage and is a manifestation of
macroscopic quantum interference. As a direct result of the
AC Josephson effect, constant voltage steps, which are also
named Shapiro steps,?! will appear in current / versus voltage
V curves under radio-frequency (RF) radiation. Ordinary inte-
ger Shapiro steps always appear at the voltage of 2¢V /h = nf
(n =10, =1, £2 and so on), which originates from the phase
lock between Josephson oscillation and the nth harmonic of
external microwave. Here, e is electron charge, i is Planck
constant, and f is external microwave frequency.

Remarkably, half-integer (n = +p/2) and even frac-
tional (n = +p/q) Shapiro steps have been observed and re-
searched in various Josephson junction systems in the past
few decades, including InAs and graphene highly transmis-
sive Josephson junctions,>7! superconductor—ferromagnet—

superconductor (SFS) junctions,!8-13]

[14-19

complex Josephson
junction networks, ! and high temperature superconduc-
tor (HTS) grain boundary junctions.?*-23 Although the spe-
cific physical origin of the half-integer steps in each junc-

tion system is different, the current phase relation (CPR) in
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these junction systems is skewed from sinusoidal form to
non-sinusoidal form with higher harmonic terms.¥ Further-
more, experiments and theories have pointed out that some
crucial parameters can control the skewness of CPR, such as
gate voltage,”>! thickness of ferromagnet layer,?6?”] mag-
netic field, >8] temperature, and power of radiation.?"!
Recently, a state-of-the-art technology-focused He ion
beam irradiation (He-FIB) has been used to fabricate
high quality Josephson junctions in various superconduct-
ing materials, including YBa,Cu30;_5,3%311 MgB,,[*?]
Bi;SryCaCuy 03,4, NbN,[** NbTiN,[*! and Co-doped
BaFe,As;,3% which shows a great potential in applied and
basic scientific research. In this work, MgB, He-FIB Joseph-
son junctions of different irradiation doses and junction widths
have been fabricated. In both junctions, we observe clear half-
integer Shapiro steps, which is the first time reported in He-
FIB junctions. Then, the influences of RF frequency, tem-
perature, RF radiation power, and magnetic field on the half-
integer steps are investigated. Finally, the physics origin of
half-integer steps in the He-FIB junctions is also discussed.

2. Experiments and methods

To fabricate MgB, He-FIB Josephson junctions, high
quality MgB, superconducting thin films around 30 nm were
firstly deposited by hybrid physical-chemical vapor deposition
(HPCVD)[*"] technique on SiC (0001) substrates. Then, bi-
layers of Ti/Ag (5 nm/200 nm) were deposited on these films

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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by DC magnetron sputtering as electrical bonding pads. To
prevent Ti/Ag bilayers from covering the junction areas and
causing a short circuit, a metal mask was used here to occlude
junction areas from metal sputtering. In the next step, the sam-
ples with 2—4 pum wide microbridges were defined by standard
UV lithography and Ar ion milling. Finally, Josephson junc-
tions were created by a single line of 30 kV He ion beam scan-
ning across these microbridges in the Zeiss Orion Plus helium
ion microscope. The process diagram before He-FIB irradia-
tion is shown in Fig. 1 and the details of He-FIB technology
will be introduced in the next section. Measurements of the
samples’ electrical transport properties under different tem-
peratures, power of radiation and magnetic fields were per-
formed in a physical properties measurement system (PPMS,
Quantum Design) with the four-probe method. Here, a Keith-
ley Model 2400 SourceMeter and a Keithley Model 2182A
Nanovoltmeter were used as external current source and volt-
meter. The RF signal was generated by a microwave signal
source with frequency range 9.5-10.5 GHz and was applied
on the junction by a rectangular antenna installed at the end of
a coaxial line.

(a) (b)

HPCVD
SiC substrate

DC magnetron
sputtering

(d) (c)
Mng

microbridge
~ ‘*

Metal

mask
( <« Ji/Ag
Ar ion milling\/

UV lithography

Fig. 1. Schematic diagram of the MgB, Josephson junction fabrication
process before He-FIB irradiation, including thin films growth, sputter-
ing Ag electrical bonding pads, lithography, and etching.

3. Results

Figure 2(a) is a schematic diagram of a junction fabri-
cated by He-FIB, where the red cylinder represents the He-FIB
with a beam diameter of 0.5 nm and the black microstrip rep-
resents a MgB, microbridge. The ion beam irradiates across
the microbridge and creates a junction barrier, producing a
Josephson junction. Figure 2(b) is the optical microscope
photograph under bottom light and the black line is the ion
injection effect on the substrate, which indicates the irradi-
ation area. In this article, we report our experimental data
of two MgB, He-FIB Josephson junctions. Junction 1 is a

2 um wide junction with irradiation dose of 4000 ions/nm and

junction 2 is a 4 um wide junction with irradiation dose of
5000 ions/nm. Figure 2(c) shows the resistance R versus tem-
perature T curves of these two junctions, from which we can
obtain the T and resistance at 7"*®' of junction 1(39.4 K and
9.45 Q) and junction 2 (39.8 K and 2.89 Q). The inset in
Fig. 2(c) is a close-up view of R-T curves, from which clear
foot-like structures induced by thermally activated phase slip-
page effect®® can be observed. The voltage V versus cur-
rent / curves and differential resistance dV /dI versus current
I curves at 2 K are sketched in Fig. 2(d) and its inset, from
which critical current /. and resistance at normal state R, of
junction 1 (7.02 mA and 0.30 ) and junction 2 (8.08 mA and
0.24 Q) can be extracted. The detailed information of these
two junctions is listed in Table 1.

For both junctions, the I. at 2 K is too large to be sup-
pressed by microwave radiation in our equipment and it is
hard to see any Shapiro steps. However, when a specific mag-
netic field is applied perpendicular to the junction and the I.
is suppressed smaller than 2 mA, both junctions exhibit clear
Shapiro steps under microwave radiation. Without special in-
structions, all following measurements are executed under a
frequency f = 10 GHz microwave radiation and the test tem-
perature is 2 K. Other experimental information here is that
junctions 1 and 2 are both tested under 27.5 Oe magnetic field
while the radiation power is 10 dBm for junction 1 and 14 dBm
for junction 2. The I-V curves and dV /dI-V curves of junc-
tions 1 and 2 are sketched in Figs. 3(a) and 3(c). Here, the
horizontal ordinate » is the normalized voltage that equals to
the voltage divided by hf/(2e), which is around 20.7 pV for
10 GHz RF signal. In I-V curves, we can see clear constant
voltage steps that are so-called Shapiro steps. The position
of Shapiro steps can be extracted more precisely by the lo-
cal minimums in dV /d/-V curves. The Shapiro steps appear
at quantized normalized voltage values n, which are orders of
them. It is worth noting that not only integer steps for n = +1,
+2 and 43 orders but also half-integer steps for n = +1/2
and +3/2 orders can be clearly observed. Integer steps are
labeled by blue solid vertical lines and half-integer steps are
labeled by green dashed vertical lines in Figs. 3(a) and 3(c).
Unlike integer steps that exist clearly until very high orders,
half-integer steps quickly disappear as the orders increase and
can no longer be observed above n = £5/2 orders. dV /dI-
V curves under different frequenciess’ radiation of junctions
1 and 2 are shown in Figs. 3(b) and 3(d), which are vertically
shifted for clarity. Half-integer Shapiro steps under 9.5 GHz,
10 GHz and 10.5 GHz microwave radiation appear in both
two junctions, which proves that the existence of half-integer
Shapiro steps is robust and reproducible. The blue dashed fan-
like lines here illustrate that as the frequency rises up, the volt-
age values of corresponding steps increase, which agrees with
the formula that V = nhf/(2e).
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Fig. 2. (a) Schematic diagram of a MgB, Josephson junction fabricated by He-FIB. (b) Optical microscope photograph under bottom light where black
line indicates irradiation trace. (c) R—-T curves of junctions 1 and 2, where the inset is a close-up view. (d) V-I curves of junctions 1 and 2 at 2 K, where
the inset shows the dV /dI-I curves.

Table 1. Detailed parameters of the junctions.

Junction number  Junction width (um)  Dose (ions/nm)  Critical current (mA)  Resistance at normal state (Q)
Junction 1 2 4000 7.02 0.30
Junction 2 4 5000 8.08 0.24
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Fig. 3. (a) and (c) The I-V curves and dV/dI-V curves of junctions 1 and 2 under magnetic field and RF radiation at 2 K where clear integer and
half-integer Shapiro steps can be observed. The positions of steps are labeled by vertical lines and the corresponding normalized voltages n represent
the orders of steps. (b) and (d) The vertically shifted dV /dI-V curves of junctions 1 and 2 under different frequencies of RF radiation. The voltages
corresponding to the steps rise with the increase of frequency.
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The temperature dependence of half-integer Shapiro steps
in both two junctions is also investigated. The /-V curves un-
der fixed magnetic field and RF power at different tempera-
tures are measured and the results are sketched in Fig. 4. The
temperature test interval is 1 K and part of the I-V curves
of junctions 1 and 2 are shown in Figs. 4(a) and 4(c). As
the temperature goes up, the step heights (the current width
Al of steps) of n = 0 steps decrease gradually, so the cur-
rent positions of other steps approach zero gradually. In ad-
dition, we cannot find any half-integer steps in either junction
at high temperatures. To illustrate the relationship between
steps height and temperature more intuitively, the I-dV /dI
curves at different temperatures are plotted into heatmaps for
junctions 1 and 2 in Figs. 4(b) and 4(d). Here the white ar-
eas represent small dV /d[ values, which means that there are
steps and the width of the white areas represent the height of
Shapiro steps. The n = £1/2 and +1 steps of both two junc-
tions are labeled by red dashed lines. It is noticed that unlike
integer steps of n = %1, which exist and change a little at all
test temperatures, the half-integer steps of n = £1/2 firstly en-
large and reach their maximum at around 4—6 K for both two
junctions, then quickly become small, and finally disappear
above 10 K. This demonstrates the half-integer steps have a
stronger dependence on temperature than that of integer steps,
which agrees with the phenomenon that the current phase re-
lation of junctions will gradually approach standard sinusoidal
form as temperature increases.>2%! In addition, the evolution
of half-integer steps’ height versus temperature is not mono-

0 50 100
V (uV)

2
—100

—-50

tonic. These features are different from that of half-integer
steps in ferromagnetic junctions, whose height exhibits weak
correlation with temperature, U1 byt are similar to that of Nb—
InSb-Nb ballistic nanowire Josephson junction. !

The relationship between the steps’ height and RF radi-
ation power has also been researched. Here, -V curves of
junction 1 under various microwave powers at magnetic fields
of 27 Oe and 31.5 Oe are shown in Figs. 5(a) and 5(c). It
is obvious that a stronger RF radiation leads to a further sup-
pression in the critical current, which is reflected in the reduc-
tion of the height of n = 0 step. For clarity, the corresponding
heatmaps of I-dV /dI curves are plotted in Figs. 5(b) and 5(d).
As with Fig. 4, the white areas suggest the existence of steps
and the width of white areas represents the height of steps.
When applied magnetic field is 27 Oe, clear half-integer steps
of n = =£1/2 and +3/2 can be observed and are labeled by
red dashed lines. As the radiation power increases, all integer
and half-integer steps except for n = 0 order become larger
at first and then the heights of all steps start oscillating. For
half-integer steps, only the first order of oscillation can be ob-
served and then they disappear under high power of radiation.
However, when junction 1 is measured at 31.5 Oe magnetic
field, although clear integer steps can be observed and exhibit
oscillation behaviors with the increase of radiation power, the
half-integer steps do not exist at any test power. This abnormal
phenomenon suggests that the existence of half-integer steps
has a strong relationship with magnetic field.

dv/dI ()
0.12

0.08

0.04

0

dv/dI (Q)
0.10

0.05

T (K)

Fig. 4. (a) and (c) Selected /-V curves of junctions 1 and 2 under fixed RF radiation power and magnetic field at different temperatures. (b)
and (d) Heatmaps of junctions 1 and 2’s I-dV /dI curves at different temperatures. The white areas indicate integer and half-integer Shapiro

steps, which are labeled by red dashed lines.
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Fig. 5. (a) and (c) The /-V curves of junction 1 under different RF radiation powers at magnetic fields of 27 Oe and 31.5 Oe. Half-integer steps only
appear at the magnetic field of 27 Oe. (b) and (d) Heatmaps of /-dV /dI curves whose data is collected from (a) and (c), where red dashed lines label
the evolution of step heights with radiation power and oscillations can be observed.
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Fig. 6. (a) Colormap of V-dV /dI curves under radiation at different mag-
netic fields H, where blue areas indicate the appearance of steps. Half-
integer steps are labeled by horizontal black dashed lines. (b) The critical
current /; that is modulated by magnetic field H for the positive and nega-
tive current directions. The data is also collected from junction 1.
To reveal the relationship between the existence of half-
integer steps and applied magnetic field, transport properties
of junction 1 with and without microwave radiation at differ-

ent magnetic fields are measured. The V-dV /dI curves under

radiation at different magnetic fields H are plotted into a col-
ormap shown in Fig. 6(a). Here, the blue areas mean low dif-
ferential resistance and indicate the appearance of steps while
red areas represent steep slopes in VI curves. Half-integer
steps of n = +1/2 and +3/2 orders are labeled by horizon-
tal black dashed lines. In our test magnetic field range, three
half-integer steps areas are separated by quite large differen-
tial resistance parts, while the areas of integer steps behave like
continuous bands. We can note that unlike integer steps which
nearly exist at all test magnetic fields, the appearance of half-
integer steps has a periodic relation with the magnetic field.
For planar Josephson junctions, the critical current I is also
a periodic function of H,[%1 so I.—H curves are also plotted
in Fig. 6(b) for positive and negative current directions. Here,
the I, values are extracted using 1 uV as standard. We can
notice the relation between the I.(H ) pattern and the existence
of half-integer steps. It is obviously that the half-integer steps
always appear around the minimums of I, (H) curves, which is

consistent with YBCO grain boundary junctions. ?!23]

4. Discussion

To our best knowledge, the similarity of the periodicity
of half-integer steps modulated by magnetic field between
MgB; He-FIB junctions and YBCO grain boundary junctions
means that they may have a similar physical origin. Early et
al. suggested that the grain boundaries of bi-crystal YBCO
junctions are heterogeneous and one bi-crystal grain boundary
junction is actually a 1D parallel junction array.*! Figure 7(a)
is a schematic diagram of a YBCO grain boundary junction,

087404-5
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where the white areas represent superconducting areas and the
black areas represent normal areas. The superconducting thin
film near the grain boundary is actually composed of many
superconducting and non-superconducting fragments with an
Only both sides of the

grain boundary are superconducting fragments, a Josephson

irregularly staggered arrangement.

junction can exist. So many small junctions are separated by
normal fragments along the grain boundary. In Fig. 7(a), red
vertical solid lines label four junctions as an example and it
is quite easy to understand that one grain boundary junction
is actually a 1D junction array. For He-FIB junctions, it is
essential to discuss the technological characteristic of He-FIB
irradiation. As is shown in Fig. 7(b), although the irradiation
mode of the equipment is set to line mode, the actual scan
mode of He-FIB is spot-by-spot, which leads to non-uniform
ions injection into the superconducting thin film along the scan
direction. The lateral scattering makes the irradiated areas in-
side the material larger than the designed beam spot diameter.
It is natural to find the similarity between grain boundary
junctions and He-FIB junctions. Due to the non-uniformity
of ions distribution in the irradiation area, the junction barrier
created by the He-FIB is also inhomogeneous. In addition, the
disappearance of half-integer Shapiro steps at high RF radi-
ation power is in consistent with the experimental results of
YBCO grain boundary junctions, whose simulation model is
an unsymmetrical parallel double-junction array.!*!! In con-
clusion, the half-integer steps in our junctions are caused by
the technological characteristic of the He-FIB, which actually

Junction

Superconducting area Grain boundary

(b) e
Irradiation spot

Scan direction

—>

Superconducting area

Fig. 7. (a) Schematic diagram of a YBCO grain boundary junction which
is composed of many superconducting and normal fragments and is actually
a 1D junction array. (b) The irradiation mode of He-FIB, which is spot-by-
spot, inducing many areas with different irradiation doses.

produces a junction with heterogeneous junction barrier which
is analogous to a 1D junction array. It is reasonable to predict
that similar half-integer steps can be observed in other He-FIB
junctions that are made of other superconducting materials and
additional studies are needed to verify this.

5. Conclusion

We successfully fabricated two MgB, He-FIB junctions
on SiC substrates, among which one is 2 pm wide with
4000 ions/nm irradiation dose and the other is 4 um wide
with 5000 ions/nm irradiation dose. Half-integer Shapiro
steps appear in both of the junctions under 9.5 GHz, 10 GHz,
10.5 GHz microwave radiation. The temperature dependence
of half-integer steps heights in both junctions exhibits a non-
monotonic behavior. Different radiation power is applied to
the junction and heights of both integer and half-integer steps
exhibit oscillating behaviors. We also find that the appearance
of half-integer steps exhibits a periodic function of magnetic
field and the period is synchronous with that of critical current
modulated by magnetic field. This feature makes us suppose
that the origin of half-integer steps in MgB, He-FIB junctions
is similar to that of YBCO grain boundary junctions. The non-
uniformity of irradiation doses on the barrier of a He-FIB junc-
tion makes it behave like a 1D junction array, which induces
half-integer Shapiro steps.

He-FIB technology has already shown a certain degree of
universality in fabricating Josephson junctions with different
superconducting materials, including low temperature simple
binary compounds and high temperature complex copper ox-
ides, which provides a platform to investigate current phase
relations in different superconductors.
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